ACTION OF PYRROLNITRIN
by filtration on Whatman no. 1 filter paper and dried in an oven at 80 C to a constant dry weight.
Respiratory studies. Yeast cells were grown in GYE medium to a density equivalent to 6.0 mg (dry weight) per ml. They were collected by centrifugation at 12,000 X g and washed twice with deionized distilled water and once with 0.2 M sodium phosphate buffer (pH 7.4). The washed cells were then suspended in the same buffer and either were used as whole cells or were disintegrated in a French pressure cell at 15,000 psi to make the cell-free extracts. Standard Warburg respirometry was used (25) .
Mitochondria from the yeast cell-free extracts were isolated by the method of Utter et al. (26) . Beef heart mitochondria were isolated from a fresh beef heart by the method of Crane et al. (6) . The protein content in these mitochondrial preparations was determined by the biuret method of Gornall et al. (7) .
The effect of pyrrolnitrin on the production of '4CO2 from 14C-glucose was studied in the intrascintillation vial reaction tubes of Slater et al. (24) .
Enzyme assays. Succinate oxidase and cytochrome oxidase were assayed manometrically by measuring the oxygen uptake with sodium succinate and ascorbic acid and cytochrome c as substrates, respectively. Activities of other enzymes were assayed on a Beckman DU spectrophotometer attached to a Gilford multiple sample absorbance recorder (model 2000) . Absorption cells (1 ml) with a 1-cm light path were used. Reduced nicotinamide adenine dinucleotide (NADH) oxidase was assayed by measuring the decrease in absorbancy at 340 nm with NADH as a substrate. Succinate and NADH-cytochrome c reductases were assayed by measuring the increase in the absorbancy at 550 nm resulting from the reduction of cytochrome c. An extinction coefficient of 19 .2 X 103 liters X mol-1 X cm-' was used to calculate the amount of reduced cytochrome c (12) . Succinate-dichlorophenolindophenol (DPIP) reductase was assayed by the decrease in absorbancy at 600 nm resulting from the formation of the leuco dye (reduced DPIP). The reduction of tetrazolium dyes (formazan formation) was measured by an increase in absorbancy at 530 nm for 2,2'-di-pnitrophenyl-(3, 3'-dimethoxy-4,4'-bi-phenylene) 5 ,5'-diphenylditetrazolium (NBT) and at 570 nm for 2-p-iodophenyl-3-p -nitrophenyl -5 -phenyltetrazolium chloride (INT). Succinate-coenzyme Q6 reductase activity was measured by the method of Ramasarma and Lester (21) . The reaction mixture for each of the enzyme systems is described below.
The possible binding of pyrrolnitrin with flavine adenine dinucleotide (FAD) was measured by the changes in the absorption spectra of FAD and pyrrolnitrin in the mixture of the two compounds. alcohol, the flasks were incubated on a reciprocal shaker for a total of 8 hr at 26 C. Portions (3 ml) were removed after 30 min and after 1, 3, 6, and 8 hr, and the cells were separated by centrifugation. From the supernatant solutions, 0.5-ml samples were used to determine the contents of ninhydrin-positive materials (17) , inorganic phosphate (4), reducing sugars (18) , and nucleotides. The nucleotides were measured by the absorption at 260 nm.
The effect of pyrrolnitrin on the general cell metabolism was studied with "C-glucose (UL). A 1-,uc amount of 14C-glucose (specific activity, 21 mc/ mmole) was added to 25 ml of GYE medium in each of fifteen 125-ml Erlenmeyer flasks. Pyrrolnitrin or alcohol was added to appropriate flasks, and the flasks were inoculated with mid-exponential-phase yeast cells equivalent to 15 mg (dry weight). The flasks were incubated at 26 C for 1 hr on a reciprocal shaker. The 14C02 given off by the cells was absorbed in hyamine hydroxide as described by Gottlieb and Tripathi (10) . This absorbed 14CO2 was counted in toluene scintillation fluid [2,5- The synthesis of RNA was studied by incorporation of 14C-uracil (30 mc/mmole) into RNA fraction. The same general methods were followed as for protein synthesis except that 125-ml flasks with 25 ml of medium were inoculated with cells equivalent to 0.5 g (dry weight), and the 10% hot trichloroacetic acid and protein extractions were omitted. RNA was extracted by a slightly modified method of Schmidt and Thanhauser (22) as given below. After the cold trichloroacetic acid extraction, the cell residue was hydrolyzed with 0.5 N NaOH at 37 C for 12 hr. The RNA content in the supernatant solution was measured by the orcinol method (3), and the incorporation of 14C-uracil into RNA was calculated as counts per minute per milligram of RNA.
The DNA synthesis in yeast cells was studied by the incorporation of 'H-thymidine (methyl labeled, 2 c/mmole) into 10% hot trichloroacetic acid extract (nucleic acids). A 2-pc amount of 'H-thymidine was added in the medium, and the same general methods were followed as for protein synthesis up to hot trichloroacetic acid extraction. The DNA content in the trichloroacetic acid extract was measured by diphenylamine test (23) .
Polyuridylic acid (poly U)-directed in vitro protein synthesis in Rhizoctonia solani was studied by the method of Obrig, Cerna, and Gottlieb (19) . The in vitro protein synthesis with Escherichia coli ribosomes was studied by the method of Clark et al. (5) .
RESULIS
Pyrrolnitrin inhibition of the total growth of S. cerevisiae increased with increasing concentrations of antibiotic until, at 5 ,ug/ml, the inhibition was 95% (Fig. 2) . Cultures of the yeast treated with 10 ,ug of pyrrolnitrin per ml did not grow even after 1 week of incubation. The growth of P. atrovenetum and P. oxalicum was completely inhibited at 10 and 40 ,g/ml, respectively. At 10 ug/ml, the yield of P. oxalicum was reduced to 50%.
Pyrrolnitrin inhibited both endogenous and exogenous respiration in S. cerevisiae at very low concentrations. The inhibition of respiration increased with increasing concentrations of pyrrolnitrin and was almost complete at 15 ,ug/ml (Table 1) . Pyrrolnitrin also inhibited the production of '4CO2 from 14C-glucose, and the CO2 production decreased with increasing pyrrolnitrin concentrations (Fig. 3) . Respiration of cell-free extracts of the yeast was also inhibited by pyrrolnitrin. In these extracts the succinate oxidase activity more than doubled by exogenous cytochrome c ( increasing pyrrolnitrin concentrations until about 90% of the succinate oxidation was inhibited at 25 ,ug/ml.
Respiration of mitochondria was also prevented by pyrrolnitrin. In yeast mitochondria, the antibiotic inhibited the activities of succinate and NADH oxidase 90% at 25 and 10 ,ug/ml, respectively. This inhibition took place during 10 min of incubation. The activities of these oxidases were inhibited by antimycin A and sodium azide, indicating a normal terminal electron transport pathway (Table 3 ). The NADH oxidase was also inhibited 50% by 9 mm amytal.
The NADH-and succinate-cytochrome c reductases were inhibited by pyrrolnitrin both in beef heart (Fig. 4 ) and yeast mitochondria (Table 4) immediately after adding the antibiotic. In yeast mitochondria, pyrrolnitrin almost completely inhibited the activities of these enzymes at 10 ug/ml and inhibited them about 60% at 5 jug/ml. The immediate inhibition of cytochrome c reductase at low concentrations of pyrrolnitrin again suggested that electron transport is the primary site of action and that the site of action is before cytochrome c.
In our studies, yeast mitochondria lost most of their activity within 6-hr of isolation. Therefore, to further delineate the site of action of pyrrolnitrin, beef heart mitochondria, which retain the activity for months, were used. In these mitochondria, cytochrome oxidase activity was not inhibited, even at 100 ,ug of antibiotic per ml, whereas sodium azide (10 mM) completely inhibited oxygen consumption. Arti (Fig. 4) . About 50% of DPIP reduction was inhibited at 5 ,ug of pyrrolnitrin per ml, and about 80% was inhibited at 20 ,ug of pyrrolnitrin per ml. Beef heart mitochondria reduced the tetrazolium dyes NBT and INT. Antimycin A, at 25 ,g/ml, had no effect on this succinate-NBT reductase (Fig. 4) but inhibited succinate-INT reductase by 75%, indicating that NBT was reduced before and INT after the antimycin-sensitive site. Pyrrolnitrin inhibited the reduction of NBT in both the presence or absence of antimycin A. The NBT-reductase activity was inhibited 60, 80, and 90% at 25, 50, and 100 pg of pyrrolnitrin per ml, respectively. At the same concentrations, pyrrolnitrin inhibited the reduction of INT 27, 38, and 61%, respectively. The results with artificial electron acceptors suggested that the site of pyrrolnitrin action was before the antimycin-sensitive site of the mitochondrial respiratory chain. To determine whether this site was before coenzyme Q, the effect of the antibiotic on succinate-coenzyme Q6 reductase was studied. This coenzyme Q reductase activity was inhibited 50% by 10 mm thenoyltrifluoroacetone, the inhibitor of succinic dehydrogenase, and 90% by 50 Mig of pyrrolnitrin per ml. The inhibition of coenzyme Q6 reductase increased with increasing pyrrolnitrin concentrations ( Table 5 ). The inhibition of the electron 5 (Table 6 ). Studies with 8H-thymidine, 14C-uracil, and "4C-amino acids confirmed that the antibiotic inhibited the syntheses of DNA, RNA, and protein. For example, at 50 ,ug/ml, pyrrolnitrin inhibited the incorporation of 8H-thymidine into DNA by 76%; the incorporation of "4C-uracil into RNA and that of "4C-amino acids into protein were both inhibited by 100% (Table 7) .
Despite inhibition by pyrrolnitrin of protein synthesis in whole cells, the antibiotic had no effect on in vitro protein synthesis in R. solani or in E. coli. In R. solani, the poly U-directed incorporation of phenylalanine was inhibited by ribonuclease and puromycin, a characteristic of the typical in vitro protein synthesis system. a The assay mixture contained the following, in glass-stoppered tubes: sodium phosphate buffer (pH 7.4), 100 pmoles; sodium azide, 5 Mmoles; sodium succinate, 50 Amoles; coenzyme Q, 0.4 mg as an alcoholic solution; ethyl alcohol or pyrrolnitrin solution; 0.25 M sucrose to a total of 3.0 ml. Absorbancy was measured at 519 nm. 20 ;g. minimal growth inhibitory concentration for E. coli was 100 pg/mi), pyrrolnitrin had no effect on this protein synthesis (Table 9) . However, no stimulation was observed in the E. coli system.
The antibiotic inhibited the uptake of glucose, uracil, thymidine, and amino acids (Table 6 and 7) by S. cereviseae. This effect was not due to a breakdown of general cell permeability, since there was no leakage of phosphate, ninhydrinpositive materials, reducing sugars, nucleotides, etc.
DISCUSSION
Since growth of all organisms is the result of complex, integrated, and interdependent processes, antibiotics affecting any one cellular process would ultimately impair most of the other cellular functions. The important question in the study of the mode of action of an antibiotic is the primary site of action. The reaction which is inhibited at the lowest concentration and shortest time is usually accepted as the primary site of action. For pyrrolnitrin, these criteria were satisfied by the inhibition of respiration, since very low concentrations completely inhibited the respiration in whole cells, cell-free extracts, and mitochondrial preparations. Whole cell respiration, as well as mitochondrial respiratory enzymes, were rapidly inhibited, within 5 to 10 min. The inhibition of syntheses of RNA, DNA, and proteins, on the other hand, required higher concentrations of pyrrolnitrin and much longer times, more than 1 hr.
The locus of inhibition of cellular respiration was the mitochondrial electron transport system, since pyrrolnitrin inhibited the activities of succinate and NADH oxidase of isolated mitochondria. In this electron transport system, the site of inhibition by pyrrolnitrin was before cytochrome c because pyrrolnitrin inhibited the NADH-and succinate-cytochrome c reductase without any inhibitory effect on cytochrome c oxidase. Since pyrrolnitrin inhibited the antimycin-insensitive reduction of DPIP and NBT, this inhibition must have been prior to the antimycin-sensitive site in the electron transport system. The inhibition by the antibiotic of INT reduction, which was antimycin-sensitive, would be expected since the INT accepted electrons after the antimycin-sensitive site. Lester and Smith (13) also found that the reduction of NBT in beef heart mitochondria is prior to and INT after the antimycin-sensitive site. According to these authors, the site of NBT reduction is at or before the site of coenzyme Q (13). Since pyrrolnitrin inhibited the NBT reduction, this inhibition should be at or before coenzyme Q in the respiratory chain. The inhibition of succinatecoenzyme QB reductase by pyrrolnitrin suggests that the antibiotic inhibited the electron transfer between succinate and coenzyme Q (Fig. 5) .
This inhibition of respiratory electron transport would also block adenosine triphosphate (ATP; energy) formation (16). Since energy is required for the active uptake of various metabolites and for the biosynthesis of macromolecules (16) , pyrrolnitrin should ultimately affect these energy-dependent processes. The data fit this concept which explains the fact that pyrrolnitrin inhibits the synthesis of RNA, DNA, and protein and that the antibiotic also reduces the uptake of amino acids, uracil, and thymidine. The effect of pyrrolnitrin on the biosynthesis of macromolecules could be either on the incorporation of the precursor into the macromolecules or on the inhibition of uptake of precursors. Probably it is uptake that is prevented because pyrrolnitrin had no effect on the in vitro protein-synthesizing systems of R. solani and E. coli. Based on these facts, we conclude that the primary site of action of pyrrolnitrin is on the respiratory electron transport system. After submission of this paper, an article on the mechanism of action of pyrrolnitrin by Nose and Arima was published (19 by S. cerevisiae in our experiments, whereas Nose and Arima reported that in C. utilis the inhibition was transitory. The oxygen uptake in this yeast was completely inhibited for 10 min and then the yeast began to consume oxygen but never at the rate of the control. At 20 and 30 min, the inhibition was still about 90 and 50%, respectively. Nose and Arima attribute the antibiotic action of pyrrolnitrin to the permeability because of the deleterious effect of the antibiotic on bacterial protoplasts. On the other hand, our data with S. cerevisiae whole cells, cell-free extracts, and mitochondria, as well as beef heart mitochondria, all indicate a direct effect on aerobic respiration.
